During the initial steps of biofilm formation, bacteria have to adapt to a major change in their environment. The adhesion-induced phenotypic changes in a type 1 fimbriated Escherichia coli strain included reductions in the levels of several outer membrane proteins, one of which was identified as OmpX. Here, the phenotypes of mutant strains that differ at the ompX locus were studied with regard to adhesion, cell surface properties, and resistance to stress and antimicrobial compounds. The kinetics of adhesion were measured online by an extended quartz crystal microbalance technique for wild-type and mutant strains with a fimbriated or nonfimbriated background. Deletion of ompX led to significantly increased cell-surface contact in fimbriated strains but to decreased cell-surface contact in a nonfimbriated strain. Phenotypic characterization of the ompX mutant demonstrated that ompX interferes with proper regulation of cell surface structures that play a key role in mediating firm contact of the cell with a surface (i.e., type 1 fimbriae, flagellae, and exopolysaccharides). These phenotypic changes were accompanied by increased tolerance to several antibiotic compounds and sodium dodecyl sulfate. Based on these results, we propose that changes in the composition of outer membrane proteins during fimbria-mediated adhesion may be part of a coordinated adaptive response to the attached mode of growth.
Bacteria are able to attach to and colonize a variety of biotic and abiotic surfaces, which may lead to the formation of complex biofilms. The initial interactions of bacteria with abiotic surfaces can to a large extent be understood by physicochemical adhesion theories, such as the thermodynamic approach (1) or the classical or extended DLVO theory (named after its inventors, Derjaguin, Landau, Verwey, and Overbeek) (13, 41, 42) . These theories explain adhesion as the result of a balance between attractive and repulsive forces, based on electrostatic interactions (13, 42) and additional hydration forces (41) . However, bacteria express various cell surface structures, and the dynamic character of the adhesion process involves physiological and morphological changes of the attached bacteria which cannot be accounted for by these theories. For example, fimbriae, which are proteinaceous cell surface organelles extending from the cell, have been shown to influence the adhesion properties of bacterial cells (33) . Not only do the fimbriae confer a different physicochemical character to the cell (30), but they also appear to be part of a surface-sensing mechanism (27, 31, 44) . Fimbria-mediated adhesion to host cells has been shown to induce selective expression of genes for virulence factors (44) , and Escherichia coli may establish closer contact with host cells by shortening type 1 fimbriae upon attachment (27) . We have previously shown that type 1 fimbria-mediated surface contact leads to distinct changes in the outer membrane protein composition, including reductions in the levels of many outer membrane proteins (31) . These alterations imply that a change in the cell surface takes place immediately in response to attachment. However, whether the changes contribute to adhesion and biofilm formation remains to be determined.
OmpX is one of the outer membrane proteins that are present at significantly lower levels in attached cells than in planktonic cells (31) . This protein was originally identified as one of several outer membrane proteins that increase E activity when they are overexpressed (23) . It belongs to a protein family which confers a distinct virulence phenotype and which includes OmpK17 of Klebsiella pneumoniae (7) , OmpX of Enterobacter cloacae (12, 40) , Ail of Yersinia enterocolitica (26) , Pag and Rck of Salmonella enterica serovar Typhimurium (15) , and Lom of lambda lysogens of E. coli (4) . The Rck and Ail proteins are involved in serum resistance and/or adherence to and invasion of host cells; PagC is important for survival of macrophage attack; and OmpX of Enterobacter contributes to invasion of host cells. However, the role of OmpX in adhesion of E. coli remains unclear. The crystal structure of the protein reveals that there is a four-strand ␤-sheet protruding from the cell surface, which might influence binding to external proteins (43) . However, deletion of ompX did not reduce adhesion to mammalian cells compared to the adhesion by the wild-type strain (24) . Furthermore, ompX belongs to the mar regulon, which is expressed at a lower level in attached E. coli cells than in planktonic cells (21) . This is consistent with our finding that there is a reduced level of this protein during adhesion (31) .
To obtain a better understanding of changes that occur in the bacterial cell envelope upon surface contact, it is necessary to analyze the phenotypes of mutants with mutations in the outer membrane proteins whose levels are affected by adhesion. In this study, we investigated the influence of ompX expression on the initial adhesion of fimbriated and nonfimbriated E. coli cells to abiotic surfaces and on the interactions of attached cells with the surfaces. As measured online by an extended quartz crystal microbalance technique, cell-surface interactions were increased in the fimbriated ompX deletion strain. In an attempt to explain this effect, we determined the cell surface charges and cell surface hydrophobicities for the different strains, as well as the fimbriation, motility, and exopolysaccharide (EPS) production. Since the integrity of the outer membrane has an effect on stress resistance, we also studied the tolerance of the different strains to exposure to ethanol (20%), heat stress (42 and 50°C), sodium dodecyl sulfate (SDS) (0.4%), and various antibiotics.
MATERIALS AND METHODS
Bacterial strains and culture conditions. All strains used in this study are listed in Table 1 . Strains were cultivated at 37°C in Luria-Bertani (LB) medium without shaking (22) . Cells were harvested by centrifugation (12,100 ϫ g for 10 min), washed in 0.2 M Tris-buffered saline (0.05 M Tris-HCl buffer supplemented with 0.15 M NaCl; pH 7.5) and incubated in the same buffer for 24 h. Prior to adhesion experiments, the cell suspensions were centrifuged (12,100 ϫ g for 10 min) and resuspended in 0.2 M Tris-buffered saline (pH 7.5) at the appropriate cell concentration (approximately 3 ϫ 10 8 cells ml Ϫ1 ). Growth of the different strains in LB medium was monitored at different temperatures (22, 37, and 42°C) and at different osmolarities (LB medium supplemented with 5, 15, or 20 g of NaCl liter Ϫ1 ). In addition, we tested the ability of the strains to grow on MacConkey agar plates containing bile salts, as well as minimal medium with glucose, lactose, or glycerol as the sole carbon source.
Genetic techniques. The deletion of the ompX gene was transferred from strain MC1061⌬ompX by phage P1 vir transduction of the inserted chloramphenicol resistance marker into the appropriate E. coli strain (25) . Deletion of ompX was verified by growth on LB medium plates containing chloramphenicol and by PCR (Biometra TRIO thermoblock).
To overexpress OmpX, we used a high-copy-number pBAD18 vector (14) , in which ompX was expressed under control of the arabinose-inducible P BAD promoter. Expression was induced with 0.2% L-arabinose. Amplification of the ompX gene for overexpression was performed with oligonucleotide primers. The primer sequences were as follows: ompX-up, 5ЈCCCGAATTCTGAAAAAAAT TGCATGTCTTTCAGCA3Ј; and ompX-down, 5ЈGGGGGTACCGTGATTA-GAAGCGGTAACCAA3Ј. The restriction sites for EcoRI and KpnI, incorporated into the oligonucleotides, are underlined. PCR with chromosomal DNA from E. coli strain PC31 as the template was performed for 30 cycles by using the Expand Long Template PCR system (Boehringer Mannheim) and the Taq and Pwo DNA polymerases. Cloning of the complete ompX gene was performed by using standard procedures (22) . The presence of the desired plasmid was confirmed by restriction endonuclease digestion of plasmid DNA and PCR. The absence of PCR-introduced mutations was confirmed by sequencing. Overproduction of OmpX in strain KO189 upon induction was confirmed by SDSpolyacrylamide gel electrophoresis.
Adhesion assay with a quartz crystal microbalance (QCM) with dissipation monitoring (QCM-D). We used an extended QCM technique to measure changes in both frequency (i.e., mass changes on the surface) and energy dissipation (i.e., damping of the crystal's oscillation due to viscoelastic changes in the system caused by adhesion) (36) . QCM experiments were carried out essentially as described previously (29) . Briefly, 5-MHz crystals from Maxtek Inc. (Torrance, Calif.), coated with an evaporated gold film, were cleaned prior to the experiment as described by Höök et al. (16) . Hydrophobic, methyl-terminated surfaces were obtained as described by Prime and Whitesides (35) by immersing clean crystals in a saturated solution of octadecylmercaptan (Aldrich Chemical Co. Ltd.) in hexane for at least 12 h at 22°C. The temperature of the detection cell was maintained at 22°C. The quartz crystal was mounted in a detection cell with electrodes connected to the driving unit via a relay to a signal generator. An alternating potential field across the crystal induced oscillation in the shear mode at the resonant frequency. Changes in the resonant frequency and the dissipation factor were measured with a time resolution of approximately 1 s. Prior to QCM measurement, sterile 0.2 M Tris-buffered saline (pH 7.5) was degassed by sonication in vacuum, and the temperature of buffer solutions and bacterial suspensions was stabilized at 22°C. Bacterial suspensions were added to a final concentration of approximately 3 ϫ 10 8 cells ml Ϫ1 . To measure initial interactions of bacterial cells with the surface, the frequency and dissipation shifts caused by adhesion of bacteria to the crystal surface were measured continuously for 30 min in 0.2 M Tris-buffered saline (pH 7.5) (Fig. 1A) . To measure interactions of cells with the surface following attachment, cells were allowed to adhere to the surface for 60 min. Subsequently, the measuring chamber was rinsed to avoid further attachment of bacteria, and subsequent frequency and dissipation shifts were measured for an additional 60 min (Fig. 1B) .
Microscopy. The cell concentrations in the experiments and the numbers of attached cells on the surfaces were determined by acridine orange direct counting and epifluorescence microscopy as previously described (29) .
Determination of cell surface properties. The overall cell surface charges and cell surface hydrophobicities were determined for the different strains after 24 h of incubation in 0.2 M Tris-buffered saline (pH 7.5) by measuring zeta potential and microsphere adhesion to cells as described previously (30) .
The capacity to express a D-mannose binding phenotype (i.e., type 1 fimbriae) was examined by yeast agglutination and Western analysis. The mannose-sensitive agglutination titer was assessed by mixing twofold dilutions of the different strains with yeast cells in 0.4 M Tris-buffered saline as described previously (30) . For Western analysis, the amounts of protein were adjusted by using the reciprocal of the optical density at 600 nm to determine the appropriate sample volume. This volume was harvested and resuspended in 20 l of SDS-polyacrylamide gel electrophoresis sample buffer (0.2 M Tris-buffered saline, 1% SDS, 80 M EDTA, 26 mM dithiothreitol; pH 8.0). Protein samples (20 l) were applied directly onto a nitrocellulose membrane by using a slot blot apparatus (Schleicher & Schuell), and type 1 fimbriae were quantified by probing the membrane with polyclonal antibodies for FimA. Anti-rabbit immunoglobulin G conjugated to horseradish peroxidase was used as the secondary antibody.
The motility of the strains was analyzed on semisolid LB medium plates containing 0.3% agar. The plates were incubated at 37°C, and the diameters of the swarming zones were measured at several times.
EPS production was quantified as described by Dall and Herndon (8) , except that the samples were resuspended in 0.2 M Tris-buffered saline (pH 7.5) instead of saline. Determination of resistance to stress or antibiotic compounds. Cells taken from suspensions after 24 h of incubation in 0.2 M Tris-buffered saline (pH 7.5) were washed (12,100 ϫ g for 10 min) and resuspended in 0.2 M Tris-buffered saline (pH 7.5). To determine the resistance to different kinds of stress, these suspensions were diluted 1:10 in 0.2 M Tris-buffered saline (pH 7.5) that had been preheated to 42 or 50°C or were supplemented with either 10 or 20% ethanol or 0.4% SDS. Aliquots (100 l) were taken after 5, 10, 20, 30, and 60 min of exposure, diluted serially, and spread on LB medium plates. After overnight incubation at 37°C, viable counts were determined from the number of CFU and compared to the viable counts of untreated samples.
Resistance to antibiotic compounds (Difco) was tested by the disk diffusion assay on LB medium plates by using the following amounts: amikacin, 30 g; cephalosporin, 30 g; gentamicin, 10 g; nalidixic acid, 30 g; novobiocin, 30 g; and compound sulfonamides, 300 g. The plates were incubated at 37°C overnight, and the radius of each inhibition zone was measured.
RESULTS

Inactivation of ompX increases cell-surface interactions of fimbriated cells but not cell-surface interactions of nonfimbriated cells.
To analyze the role of ompX in adhesion of E. coli to abiotic surfaces, we used an extended QCM-D technique. In addition to allowing us to determine the number of attached cells at the end of each experiment, this method allowed us to measure both negative frequency shifts and positive dissipation shifts as dynamic parameters of the adhesion process (Fig. 1) . While the frequency shift per attached cell may be understood as a change in the contact area between the cell and the surface, the dissipation shift per attached cell may be interpreted as a viscoelastic change in the interaction between cells and the surface.
The numbers of attached cells, as determined by acridine orange direct counts after 30 min (Fig. 2 ) and 120 min (Fig. 3) of adhesion, did not differ significantly for the strains with altered expression of ompX (data not shown). However, the initial interactions between E. coli and abiotic surfaces, which were measured continuously for 30 min, were clearly influenced by the expression of ompX, as indicated by changes in both frequency and dissipation shifts per attached cell (Fig. 2) . In this set of experiments (Fig. 1A) , the measured frequency and dissipation shifts were caused both by cells attaching to the surface and by attached cells undergoing changes in contact with the surface. Subsequently, the number of attached cells was determined, and the final relative frequency and dissipation shifts after 30 min were calculated per attached cell.
Deletion of ompX affected cell-surface interactions of fimbriated and nonfimbriated cells in opposite ways. For fimbriated cells, the frequency shifts per attached cell after 30 min increased two-to threefold when ompX was absent on both hydrophilic and hydrophobic surfaces ( Fig. 2A) . The corresponding dissipation shifts per attached cell increased only slightly (1.3-fold) on hydrophilic surfaces, but they clearly increased (2.6-fold) on hydrophobic surfaces (Fig. 2C) . Similar effects were also seen with a strain in which fimbriae were constitutively expressed from a multicopy plasmid (data not shown). In contrast, the frequency shifts per attached cell after 30 min for strain KO6, which lacked both ompX and the fim operon, were lower on hydrophilic (2-fold) and hydrophobic (2.5-fold) surfaces than values for the nonfimbriated parental strain (Fig. 2B) . The corresponding dissipation shifts per attached cell were also lower on hydrophilic surfaces (2.5-fold) and hydrophobic surfaces (9.4-fold) (Fig. 2D) . The adhesion parameters measured for the ompX-deficient strains KO3 and KO6 were restored to the levels obtained for the corresponding ompX ϩ strains by complementation with ompX on a highcopy-number plasmid (data not shown).
To investigate whether the absence of OmpX also influences later interactions of attached cells with the surface, we performed another set of experiments (Fig. 1B) , in which cells were allowed to attach to a crystal surface for 60 min. After this period of adhesion, we continued to obtain measurements, but the bacterial suspension was replaced by the same volume of buffer solution so that no additional cells could adhere to the surface. Changes in the frequency and dissipation shifts per cell were measured for one additional hour; thus, we monitored changes in cell-surface interactions arising from reorganization of cells already attached to the surface. At the end of these experiments, the number of attached cells was determined, and the relative frequency and dissipation shifts per attached cell during the last 60 min were calculated. Even after this prolonged period of adhesion, fimbriated ompX deletion mutants exhibited increased frequency and dissipation shifts, especially on hydrophilic surfaces (eightfold) (Fig. 3A) . On hydrophobic surfaces, threefold increases in the frequency per cell were observed, which in contrast to early cell-surface interactions were not accompanied by significant increases in dissipation shifts (Fig. 3C ). Prolonged adhesion of the ompX fim double mutant resulted in frequency and dissipation shifts that were indistinguishable from those of the parental strain ( Fig. 3B and D) . Constitutive expression of ompX had no effect on the frequency and dissipation shifts per cell on hydrophilic or hydrophobic surfaces, independent of the fimbriated or nonfimbriated strain background (data not shown). Corresponding results were obtained for ompX-proficient and -deficient MC1061 strains with a different genetic background (data not shown).
Effect of ompX expression on physicochemical cell surface properties. Phenotypic changes caused by deletion or overexpression of ompX were studied with an emphasis on the effects on cell surface properties after starvation in 0.2 M Tris-buffered saline (pH 7.5) for 24 h since adhesion studies have been performed under the same conditions. Deletion of ompX led to small but significant alterations in the cell surface hydrophobicity and cell surface charge ( Table 2) . Independent of the presence of fimbriae, cell surface hydrophobicity was increased in the ompX deletion strains. Zeta potentials, which represented the overall surface charge of the cells, were more negative when ompX was deleted, in both fimbriated and nonfimbriated strain backgrounds. Overexpression of ompX did not contribute to a significant change in the cell surface hydrophobicity and cell surface charge (data not shown).
Production of type 1 fimbriae is upregulated in the absence of ompX. One striking observation in the adhesion experiments was that inactivation of OmpX enhanced cell-surface interactions of fimbriated cells but not cell-surface interactions of nonfimbriated cells. This prompted us to study whether the production of fimbriae was affected by the expression of ompX. 
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on November 10, 2017 by guest http://jb.asm.org/ fimbriae by using yeast agglutination and reactivity with specific antiserum. The mannose-sensitive agglutination of yeast cells (i.e., the presence of type 1 fimbriae) was greater in the ompX-deficient strain KO3 than in the wild type (Fig. 4A) . When ompX was overexpressed, the agglutination titer was slightly reduced. As expected, a mutant lacking the fim operon did not agglutinate yeast cells, which confirms that the agglutination phenotype is caused by the presence of type 1 fimbriae and not by the presence of other cell surface appendages.
Western analysis of the different strains confirmed that there was increased production of FimA, the major structural subunit of type 1 fimbriae, in the ompX-deficient strain (Fig. 4B) . Overproduction of OmpX slightly affected the level of FimA production.
Taken together, these results show that the production of type 1 fimbriae is upregulated in an ompX-deficient strain.
Motility of fimbriated ompX mutants is impaired. It has been shown previously that adhesion of hyperfimbriated cells causes low-level frequency and dissipation shifts compared to the shifts of nonfimbriated cells, suggesting that fimbriated cells make less contact with the surface (29) . However, adhesion of the ompX mutant caused greater frequency and dissipation shifts than adhesion of the less fimbriated wild-type strain caused. Thus, the dynamic character of the cell-surface interactions of the ompX mutant cannot be explained solely by upregulation of type 1 fimbriae but must be due to additional changes in the cell surface.
Flagella are another dominant cell surface structure often implicated in adhesion of E. coli. To assess the potential role of motility in the altered cell-surface interactions measured by the QCM technique, we compared the swarming behaviors of the different strains on soft agar plates. Motility was decreased in the fimbriated ompX-deficient strain KO3 (Fig. 5A ), as well as by overexpression of type 1 fimbriae (Fig. 5B ). This phenotype was lost in a fim ompX double mutant, whose swarming behavior was comparable to that of the nonfimbriated parent strain MS7 (Fig. 5C ). Thus, reduced motility is another phenotype of the ompX mutant, which is probably related to the change in expression of type 1 fimbriae. Production of EPS is increased in ompX-deficient strains. On MacConkey medium and minimal medium, the ompX deletion strains developed a mucoid colony phenotype after 2 days of incubation at 30°C (Fig. 6A) . Based on this observation and since biofilm formation is often associated with increased production of EPS, we tested whether the strains differed in production of the extracellular matrix, which may influence the dynamic interactions of the cells with the surface. EPS production by the different strains was estimated by hydrolysis of precipitated EPS with sulfuric acid. Independent of the presence of fimbriae, inactivation of ompX resulted in an approximately threefold increase in the production of EPS (Fig. 6B) . The EPS production in the ompX overexpression strains did not differ from that in the parental strains (data not shown).
Inactivation of OmpX results in increased tolerance to SDS and antibiotic compounds. To test whether the phenotype of mutants that differed in the level of expression of ompX correlated with altered tolerance to stress and antibiotics, we determined the resistance to several stress conditions and different antibiotic compounds for cells starved for 24 h in 0.2 M Tris-buffered saline (pH 7.5). The pattern of resistance to SDS (0.4%) and various antibiotics changed with the level of ompX expression ( Table 3 ). The ompX-deficient strains KO3 and KO6 were more resistant to SDS than their parental strains. Furthermore, deletion of ompX resulted in higher tolerance to hydrophobic antibiotics, such as amikacin, cephalothin, gentamicin, nalidixic acid, novobiocin, and compound sulfonamides. In a nonfimbriated strain background similar resistance patterns were found. On the other hand, the levels of resistance to 10 or 20% ethanol or heat stress were not significantly different for the different strains (data not shown). These results suggest that deletion of ompX does not turn on a stress response but affects transport of hydrophobic compounds across the membrane.
DISCUSSION
When bacteria adhere to a surface, they encounter profound alterations in their environment. To adjust appropriately, a subset of genes is activated, and expression of other genes is repressed (21, 34) . Previously, we identified OmpX as one of several outer membrane proteins present at a significantly lower level during adhesion of type 1 fimbriated E. coli than in planktonic cells (31) . In the present study, we extended this finding to show that inactivation of ompX in E. coli promotes cell-surface interactions of type 1 fimbriated cells, as shown by use of the QCM-D technique, which simultaneously measures the increase in attached mass on the surface and changes in the viscoelastic properties of the cell-surface contact area. In addition, the expression of ompX influences the production of type 1 fimbriae, motility, and the production of EPS, as well as antibiotic resistance, thus controlling phenotypes typically altered in surface-associated bacteria.
Attempts to understand the development of bacterial biofilms and their characteristic attributes often concentrate on either identifying factors involved in the initial adhesion event or analyzing phenotypes developed by mature biofilms. The first nonspecific interactions of a cell with a surface are largely influenced by overall cell surface properties, such as charge and hydrophobicity. These parameters were only slightly affected by the absence of OmpX. Even the numbers of attached cells were similar for the different strains. This suggests that changes in ompX expression do not influence the initial affinity of cells for a surface.
However, the analytical power of the QCM-D technique allows detection of changes in the direct contact area between the adhering cells and the surface. This approach shows that the altered level of OmpX plays an important role in mediating changes in the cell-surface contact following attachment. Changes in frequency and dissipation shifts due to cell-surface interactions revealed that the ompX-deficient strain KO3 appears to exhibit increased cell-surface contact, which is accompanied by an increase in energy dissipation. Moreover, the adhesion responses of this mutant were clearly different on hydrophilic and hydrophobic surfaces. Although during the first 30 min of adhesion almost threefold-higher frequency shifts per attached cell were observed on hydrophobic surfaces than on hydrophilic surfaces, prolonged incubation resulted in a continued increase in the contact area between attached cells and hydrophilic surfaces. This suggests that intimate contact between a cell and a surface is established more rapidly on hydrophobic surfaces, which may be explained at least in part by structural changes in the cell surface. As previously shown for hyperfimbriated cells (29) , cell-surface interactions occur more slowly on hydrophilic surfaces. In the case of an ompX mutant this may be due to the effect of a more negative cell surface charge on electrostatic interactions involved in adhesion to hydrophilic surfaces. We also investigated the role of ompX expression in adhesion of a strain lacking the fim operon. Interestingly, an opposite effect on adhesion was observed, and there was strongly decreased cell-surface contact with the nonfimbriated ompXdeficient strain KO6, especially on hydrophobic surfaces. One possible explanation for this is that OmpX functions as an adhesin when fimbriae are not expressed. However, if this were true, we would expect a decrease in the number of attached cells of the nonfimbriated ompX deletion strain, which is not the case. We believe that the decreased interactions displayed by a nonfimbriated ompX mutant may reflect a defect in an adaptive response to surface contact that requires type 1 fimbriae. This idea is supported by the finding that production of type 1 fimbriae is upregulated in the ompX deletion strain.
It has been shown previously that hyperfimbriated cells cause low-level frequency and dissipation shifts compared to the shifts caused by nonfimbriated cells (29) , whereas in this study the increased fimbriation of the ompX deletion strain was accompanied by increased frequency and dissipation shifts. This suggests that inactivation of OmpX causes additional changes in the cell surface that influence the cell-surface interactions. It has been suggested that flagella are involved in the initial interactions of bacteria with surfaces, either by mediating direct contact with the surface or by conferring motility to the cells and increasing their transport to the surface (18, 28, 33) . We found that the fimbriated ompX deletion strain was less motile than the wild type, which is likely to increase immobilization of cells on a surface and may explain the improved cell-surface interactions. However, the same phenotype is exhibited when fimbriae are overexpressed, whereas the motility of the nonfimbriated ompX strain does not differ from that of its parental strain. This suggests that reduced motility is not directly affected by the absence of OmpX but rather is indirectly affected by the upregulation of fimbriae. This could be due to physical interference between fimbriae and flagella, or it could be because synthesis of these surface appendages may be oppositely controlled, as has recently been demonstrated for S. enterica serovar Typhimurium (6). Deletion of ompX also causes an approximately threefold increase in the production of EPS. Bacterial colonization of surfaces is often associated with the presence of EPS (10) , and it has been established that the role of EPS is to bridge attached cells to a surface during prolonged colonization rather than to mediate the initial adhesion (3, 9) . The combined effects of ompX on fimbria production, motility, and EPS production may account for the different binding properties of fimbriated and nonfimbriated ompX mutants.
Bacteria attached to a surface are evidently in a physiological state different from that of planktonic cells, and a common problem associated with biofilms is their increased tolerance to antimicrobial agents (20) . However, attempts to prove that a specific multidrug efflux pump has a role in the resistance of biofilms have so far been unsuccessful (11, 21) . Particularly in this context, it is interesting that inactivation of ompX results in increased tolerance to exposure to SDS and several hydrophobic antibiotics. The increased antibiotic resistance of ompX mutants is independent of the presence of fimbriae and may be explained at least in part by the observed increase in EPS production in these strains. In addition, it is possible that OmpX directly or indirectly affects a transport function. Since the crystal structure of the protein does not suggest a pathway between the periplasm and the external surface (43), OmpX is unlikely to function as a transporter itself. However, given the fact that several outer membrane proteins are expressed at a lower level during adhesion (31), it is possible that OmpX is coregulated or interacts with an outer membrane pore that mediates the import of hydrophobic molecules.
We propose the following model to explain surface-induced changes during adhesion of fimbriated E. coli cells. Due to phase variation of type 1 fimbria expression, a population of an E. coli wild-type strain contains both fimbriated and nonfimbriated cells with characteristic binding properties (29) . Contact of fimbriated cells with a surface results in a decrease in the level of outer membrane proteins (31) . The reduced level of at least one of these proteins, OmpX, may serve as an important signal for the cell to change expression of other cell surface structures in order to strengthen the cell-surface contact. As a consequence, the production of type 1 fimbriae and EPS production are upregulated, whereas motility is reduced. This not only may influence cell-surface interactions but also may confer the higher antibiotic resistance associated with biofilm bacteria.
Although it is not clear from this study how the observed changes are regulated, recent studies have shown that OmpX is under control of different regulatory systems. ompX is a member of the mar regulon (2), which has been shown to be repressed in biofilms (21) . Second, expression of OmpX is decreased by inactivation of H-NS, a global regulator protein which has also been shown to negatively affect adhesion of E. coli (19) . Moreover, OmpX has been found to be induced at either pH extreme (38) . This indicates that a complex network of regulatory systems is important for the developmental change that occurs during the initial phase of biofilm formation.
Overexpression of ompX has been shown to activate E , but deletion of ompX does not affect E activity (24) . E regulates gene expression in response to cell envelope stress and partially overlaps in this function with the CpxRA two-component system, which is also induced by surface contact and is required for adhesion (32) . In agreement with the low level of OmpX during adhesion, E is not induced upon surface contact (32) . On the other hand, deletion of ompX does not cause an increase in the transcriptional activity of cpxR either (data not shown). Further experiments are required to elucidate how changes in the levels of outer membrane proteins are connected to regulatory systems controlling early steps of biofilm development.
In summary, the results of this study demonstrate that the expression of OmpX is related to changes in the adhesive properties of E. coli. In addition to the previously described importance of cell surface structures such as fimbriae, flagella, and EPS in the formation of biofilms, it is interesting that a change in the abundance of a single outer membrane protein influences these parameters and may be an important early signal in a series of postattachment events. It should also be considered that during adhesion the levels of a range of outer membrane proteins change and that the effects on cell surface properties and adhesion may be even more pronounced. The pleiotropic effects of ompX expression on adhesive cell surface structures may explain why the reduced abundance of OmpX, 
